Tuberoinfundibular peptide of 39 residues (TIP39) is synthesized by two groups of neurons, one in the subparafascicular area at the caudal end of the thalamus and the other in the medial paralemniscal nucleus within the lateral brainstem. The subparafascicular TIP39 neurons project to a number of brain regions involved in emotional responses, and these regions contain a matching distribution of a receptor for TIP39, the parathyroid hormone 2 receptor (PTH2-R). We have now evaluated the involvement of TIP39 in anxiety-related behaviors using mice with targeted null mutation of the TIP39 gene (Tifp39). Tifp39 −/− mice (TIP39-KO) did not significantly differ from wild-type (WT) littermates in the open field, light/dark exploration and elevated plus-maze assays under standard test conditions. However, the TIP39-KO engaged in more active defensive burying in the shock-probe test. In addition, when tested under high illumination or after restraint, TIP39-KO displayed significantly greater anxiety-like behavior in the elevated plus-maze than WT. In a Pavlovian fear-conditioning paradigm, TIP39-KO froze more than WT during training and during tone and context recall but showed normal fear extinction. Disruption of TIP39 projections to the medial prefrontal cortex, lateral septum, bed nucleus of the stria terminalis, hypothalamus and amygdala likely account for the fear-and anxiety-related phenotype of TIP39-KO. Current data support the hypothesis that TIP39 modulates anxiety-related behaviors following environmental provocation.
in increasing detail (Davis & Shi 1999; Hariri & Holmes 2006) . These brain regions are generally rich in neuropeptides. Based on their distributions and mode of action, neuropeptides have long been thought to contribute to emotional state, and some evidence supports the suggestion that they are preferentially recruited as neuromodulators under conditions of high neural activity, as might occur in disease or in response to stress (Hokfelt et al. 2003) . For example, genetic mutation or pharmacological manipulation of corticotropin-releasing hormone (CRH), substance P, vasopressin, galanin and neuropeptide Y or their receptors affects stress and anxiety-like behaviors in rodents (Bale et al. 2000; Bannon et al. 2000; Coste et al. 2000; Heinrichs et al. 1997; Holmes et al. 2003; Inui et al. 1998; Kishimoto et al. 2000; Koster 1999; Miyakawa et al. 1994; Otto et al. 2001; Palmiter et al. 1998 ).
Tuberoinfundibular peptide of 39 residues (TIP39) was purified from hypothalamic tissue on the basis of its selective activation of the parathyroid hormone 2 receptor (PTH2-R) (Usdin et al. 1999) . TIP39-containing cell bodies are principally localized within two brain regions, the subparafascicular area at the caudal end of the thalamus and the medial paralemniscal nucleus within the lateral brainstem (Dobolyi et al. 2002 (Dobolyi et al. , 2003b . TIP39 containing fibers and PTH2-Rs are present at relatively high levels in rodent brain regions implicated in stress, fear and anxiety. Most notably, the subparafascicular TIP39 neurons project to PTH2-R-dense areas in the amygdala, lateral septum, bed nucleus of the stria terminalis, hypothalamus and medial prefrontal cortex (Dobolyi et al. 2003b; Faber et al. 2007 ). Thus, the anatomical distribution of the TIP39/PTH2-R system suggests that it is ideally positioned to modulate anxiety. In support of this hypothesis, direct central nervous system administration of TIP39 in rats decreases anxiety-like behavior in the elevated plus-maze (LaBuda et al. 2004 ) and stimulates adrenocorticotropin-releasing hormone (ACTH) release (Ward et al. 2001) . Exogenous TIP39 also reduces vasopressin release following dehydration (Sugimura et al. 2003) and modulates responses to some types of pain (Dobolyi et al. 2002) . Beyond these preliminary studies, however, the potential role of TIP39 in modulation of behavior has not been evaluated.
We recently developed a mouse line with targeted null mutation of Tifp39, the gene encoding TIP39 (Usdin et al. 2008) . Homozygous Tifp39 −/− mice have a defect in germ cell maturation, but no abnormalities outside the gonads have been observed. In males, the defect appears to be restricted to spermatogenic cells and serum testosterone levels are not significantly different from wild-type (WT) littermates. In the present study, we investigated the effect of targeted null mutation of Tifp39 on anxiety-related behaviors and Pavlovian fear conditioning and extinction, using freezing as an index of fear (LeDoux et al. 1984) . Because the PTH2-R is expressed within the cardiovascular system (Usdin et al. 1996 ) and a vasodilatory effect of TIP39 in isolated rat heart has been reported following desensitization of the PTH1-R (Ross et al. 2007) , we examined the effect of TIP39 on blood pressure, and compared baseline hemodynamic and cardiovascular parameters between WT and TIP39-KO mice to evaluate whether these could contribute to the behavioral phenotype. Because of the potential for recruitment of neuropeptides by environmental provocation, we also compared anxiety-related behaviors between WT and TIP39-KO mice under bright or dim illumination and with and without prior restraint.
Materials and methods

Generation and confirmation of TIP39 knockout
The generation and genotyping of mice in which the entire coding sequence of TIP39 was replaced with a lacZ/neomycin resistance cassette has recently been described (Usdin et al. 2008 ). Immunohistochemistry to confirm the absence of the previously described TIP39-containing fibers in the brain was performed as previously described (Dobolyi et al. 2003b) using an antibody to TIP39.
Mice used for the experiments reported here originated from F1H4 ES cells [a 129/SvEv-C57BL/6 F1 hybrid ES cell line (Valenzuela et al., 2003) ] and were backcrossed two times into C57BL/6J. Mice were housed in groups of two to four with same-sex littermates in a temperature-and humidity-controlled vivarium under a 12-h light/dark cycle (lights on 0600 h). To avoid phenotypic effects resulting from genotypic differences in maternal behavior and early life environment , WT and TIP39-KO were littermates generated from heterozygous (HET) × HET matings.
Testing was conducted in male mice aged between 7 and 9 weeks at the start of testing. Unless otherwise stated, mice were experimentally naive and acclimated to the test room for 1 h and apparatuses were cleaned with a 70% ethanol solution and dried between subjects. The experimenter remained blind to genotype during testing: subjects were identified by ear tags. The number of mice per genotype tested is given in the figure legends. All experimental procedures were approved by the National Institute of Mental Health Animal Care and Use Committee and strictly followed the NIH guidelines 'Using Animals in Intramural Research'. Every effort was made to minimize the pain and suffering of the animal subjects.
General characterization
To test the effect of TIP39 on blood pressure, WT mice were anesthetized with sodium pentobarbital (60 mg/kg, intraperitoneal), tracheotomized to facilitate breathing and polyethylene cannulas inserted into the carotid artery and jugular vein for blood pressure monitoring and intravenous drug injections, respectively (Batkai et al. 2004 ). The arterial cannula was connected to a pressure transducer and the signal was recorded using the IOX Data Acquisition System (Emka Technologies, France). Mean arterial blood pressure was calculated at baseline, 10, 30 and 60 min postinjection. Baseline left ventricular performance was characterized in a cohort of 4-to 5-month-old TIP39-KO and WT that had previously been exposed to the elevated plus-maze test. Mice were anesthetized with 2% isoflurane using 1-F microtip pressure-volume catheters (PVR 1045) and an ARIA pressure-volume conductance system (Millar Instruments, Houston, TX, USA) coupled to a Powerlab/4SP A/ D converter (AD Instruments, Mountain View, CA, USA) (Mukhopadhyay et al. 2007; Pacher et al. 2003) . Heart rate, left ventricular systolic pressure, left ventricular end diastolic pressure, maximum first derivative of ventricular pressure rise or decline with respect to time (+dP/dt, −dP/dt), stroke volume and cardiac output (CO) was calculated by PVAN 3.5 software (Millar Instruments). Cardiac index with CO normalized to body weight.
Mice were characterized in a functional observational battery (Boyce-Rustay et al. 2006 ).
Motor co-ordination was assessed using the accelerating rotarod (Boyce-Rustay . The apparatus was a 3-cm-diameter dowel (Ugo Basile, Stoelting, Wood Dale, IL, USA) onto which the mouse was placed and then accelerated at a constant rate of 8 r.p.m./ min up to 40 r.p.m. The latency to fall to the floor was automatically recorded by the apparatus, with a maximum cutoff latency of 5 min. Locomotor activity in the home cage was assessed in mice individually housed in a standard home cage placed within a photocellbased Photobeam Activity System (San Diego Instruments, San Diego, CA, USA) under normal vivarium conditions and left undisturbed for 72 h.
Exploration in the holeboard test was measured as previously described (File & Wardill 1975) . Briefly, the mouse was placed in the center of a 45-cm 2 arena with a Plexiglass floor containing 16 evenly spaced 3-cm diameter, 15-cm deep holes for 10 min. The number of head pokes into the holes was measured by the photocell-based Opto Varimex Minor activity meter (Columbus Instruments, Columbus, OH, USA).
Anxiety-related behaviors
Anxiety-like behavior was initially measured in a single cohort of mice using four wellvalidated tests (Cryan & Holmes 2005 ). One cohort was tested on three exploration-based assays -elevated plus-maze, novel open field, dark-light emergence test -in that order, with at least 1 week between tests. A second, naive, cohort was tested on the shock-probe burying test.
The elevated plus-maze test (Lister 1987) . In addition, head-dipping (exploratory scanning over the sides of the maze) and stretch-attend postures (forward elongation of the head and shoulders followed by retraction to original position) were scored from videotape (Holmes et al. 2000) .
The dark-light emergence test (Crawley 1981 ) apparatus consisted of a 40 × 40 × 30 cm white Plexiglass compartment illuminated to 400 lux and a 40 × 40 × 10 cm black Plexiglass compartment illuminated to 5 lux that were connected by a 7 × 12 cm aperture at floor level. The mouse was placed into the dark compartment facing away from the aperture and allowed to freely explore the apparatus for 10 min. Percent time spent in the dark compartment, latency to enter the light compartment, intercompartment transitions and scanning of the light compartment (defined as the head but less than all four paws in the light) were manually scored from videotape.
For the novel open field test, the mouse was placed in the center of a 40 × 40 × 30 cm open field (gray Plexiglass sides and white Plexiglass floor) illuminated to 600 lux for 30 min. Total distance traveled in the whole arena and time spent in the center (20 × 20 cm) was measured by the Ethovision videotracking system. For shock-probe burying (Sluyter et al. 1996) , the apparatus consisted of a Plexiglass cage (20 × 27 × 14 cm) covered with 3-cm deep standard cage substrate, with an electrified probe (4 cm long, 1 cm in diameter, 1 cm above bedding material) extending 4 cm into the cage from one side. Contact with the probe delivered a 2-mA shock. Following the delivery of the first shock, the duration of probe burying (defined as pushing or spraying substrate toward the probe with the forelimbs), the time spent in the probe zone (10 × 12 cm area surrounding the probe) and the number of shocks received over 5 min were scored manually from videotape.
Anxiety-related behavior under high illumination or following restraint
The elevated plus-maze apparatus used in the stress experiments consisted of two open arms (38 × 5 cm) and two closed arms (38 × 5 × 15 cm) extending from a central (5 × 5 cm) area. The walls were made from black Plexiglass and the floor of the closed arms from black plastic. The floor of the open arms consisted of a gray textured plastic. The apparatus was elevated 77 cm off the floor. The apparatus was placed in a room that contained various pieces of laboratory equipment stored on surrounding shelves. Mice were restrained in a plastic DecapiCone (Braintree Scientific, Braintree, MA, USA) for 30 min, allowed to recover in a housing cage for 5 min and then tested (along with undisturbed controls) on the elevated plus-maze as described above, except that the test was performed with a maze from a different manufacturer in a different room. A second cohort of mice was tested in the elevated plus-maze either under low illumination (15 lux) as above or high illumination (150 lux).
Stress-induced serum glucocorticoid levels
Mice were restrained in a plastic DecapiCone (Braintree Scientific) for 30 min. Following 5-min recovery in a housing cage, blood was collected from the submandibular vein located directly behind the cheek pouch using a GoldenRod animal lancet (MEDIpoint, Inc., Mineola, NY, USA). Serum corticosterone was determined using a radioimmunoassay kit from MP Biomedicals (Irvine, CA, USA; cat number 07120103).
Pavlovian fear conditioning
Learned fear was assessed via Pavlovian fear conditioning (Kim et al. 1992 ) in a 27 × 27 × 11 cm chamber with transparent walls and a metal rod floor. To provide a distinctive olfactory environment, the chamber was cleaned between subjects with a 69.5% water/ 29.5% ethanol/1% vanilla extract solution. After a 2-min acclimation period, the mouse received three pairings (1-to 2-min interval between pairings) between an auditory tone (30-second, 80-dB, 3-kHz tone) and footshock (2-second, 0.6-mA scrambled footshock) in which the shock was presented during the last 2 seconds of the tone. The presentation of stimuli was controlled by the San Diego Instruments Freeze Monitor system (San Diego Instruments).
Twenty-four hours after conditioning, memory for the tone (tone test) was tested in a novel context, in a different room from the training. The novel context was a 27 × 27 × 11 cm chamber with black/white-checkered walls and a solid-Plexiglass, opaque floor. The chamber was cleaned between subjects with a 70% ethanol/30% water solution. After a 2-min acclimation period, the tone was presented for 6 min. Twenty-four hours after the tone test, memory for the conditioned context (context test) was tested in the same room as the original training by placing the mouse in the training chamber for 5 min.
Freezing was defined as the absence of any visible movement except that required for respiration and was scored from videotape at 5-second intervals by an observer blind to genotype. The number of observations scored as freezing was converted to a percentage [(number of freezing observations/total number of observations) × 100] for analysis.
Pavlovian fear extinction
Mice were tested for Pavlovian fear extinction as previously described (Wellman et al. 2007 ). Mice were fear conditioned as above and 24 h later placed in the novel context (as above). After a 2-min acclimation period, the tone was presented 40 times (5-second intertone-interval). To assess extinction recall 24 h later, mice were returned to the novel context and presented with the tone 20 times. Freezing during extinction was binned into four-trial blocks for analysis.
Shock sensitivity and nociception
To test for differences in shock sensitivity that might have contributed to genotypic differences in fear conditioning (and shock-probe burying), naive mice were place in the chambers used for fear conditioning and exposed to a 0.5-second footshock starting at 0.07 mA and increasing by 0.01 to 0.12 mA with 30 seconds between shocks. Reaction to the shock was assessed using a 4-point scoring system: 0, no vocalization or physical reaction; 1, lifting of feet; 2, vocalization; 3, jump.
For the hotplate test, mice were (singly) placed on a flat plate (Columbus Instruments) heated to 55°C. The latency to display a hindpaw shake or lick was timed by an observer, with a maximum response latency of 30 seconds. For the tail-flick test, mice were placed in a cylindrical restrainer with the tail placed into a groove into which an intense light beam was focused (Columbus Instruments). The latency to show a tail-flick response was timed by the apparatus, with a maximum response latency of 10 seconds. For the von Frey fiber test, the mouse was placed in an 11 × 11 × 12 cm Plexiglass compartment over a wire mesh floor. After a 15-min acclimation period, a succession of von Frey fibers were pressed into the left hindpaw until a response was observed (retraction, flick or lick in 7 of 10 applications of force). For the Hargreaves test, the mouse was placed into an 11 × 11 × 12 cm compartment of the Plantar Test Apparatus on top of a glass plate (IITC Life Science, Woodland Hills, CA, USA). After a 15-min acclimation period, a radiant heat light beam was focused onto a hindpaw from below. The latency to respond with a foot flick was timed by the apparatus, with a maximum response latency of 30 seconds to avoid possible tissue damage.
Statistical analysis
Genotype effects were analyzed with unpaired t-tests. Genotype × time (novel open field test, home cage activity), genotype × trial (accelerating rotarod), genotype × stress (elevated plus-maze) and genotype × trial block (fear extinction) were analyzed by two-factor analysis of variance (ANOVA), with repeated measures for time, trial, stress and trial block, respectively, followed by Newman-Keuls post hoc tests where appropriate. Statistical significance was set at P ≤ 0.05.
Results
General characterization
We recently described mice with replacement of the gene sequence encoding TIP39 (Usdin et al. 2008) . Labeling with an antibody to TIP39 in WT and TIP39-KO confirmed that the limbic distribution of TIP39-like immunoreactivity that we have previously reported is absent in TIP39-KO (Fig. 1). TIP39-KO and WT did not differ on a panel of cardiovascular parameters (Table 1) , and TIP39 infusion into WT did not affect blood pressure (data not shown). TIP39-KO could not be distinguished from WT on casual observation or in a functional observational battery (Boyce-Rustay et al. 2006) for general health, reflexes and basic sensory and motor functions ( Table 2 ). There were also no significant differences between the genotypes in home cage locomotor activity over 72 h of monitoring, exploration in a holeboard test or in motor coordination as assessed on an accelerating rotarod (Fig. 2, Table 2 ). Male TIP39-KO mated with females as demonstrated by the presence of copulatory plugs within 1 week in six of six WT females housed with male KO.
Anxiety-related behaviors
TIP39-KO were not different from WT in the novel open field, dark-light emergence and elevated plus-maze tests under standard test conditions, as measured by the main spatiotemporal measures (Rodgers et al. 1997) (Fig. 3a-h ). However, TIP39-KO did differ from WT controls on several ethological parameters. In the elevated plus-maze, TIP39-KO displayed fewer head-dips (t = 2.48, df = 14, P < 0.05; Fig. 4a ) and more stretched-attend postures (t = 2.47, df = 14, P < 0.05; Fig. 4b ) in the open arms of the elevated plus-maze relative to WT. TIP39-KO also produced more fecal boluses in the dark-light emergence test than WT (Table 2 ).
In the shock-probe defensive burying test, TIP39-KO spent more time engaged in defensive burying than WT (t = 2.72, df = 14, P < 0.05; Fig. 5a ). TIP39-KO also spent significantly less time in the zone around the electrified probe than WT (t = 2.94, df = 14, P < 0.05; Fig.   5b ). The number of shocks received did not differ between genotypes (Fig. 5c ).
Anxiety-related behavior under high illumination or following restraint
On comparison of WT and TIP39-KO mice with and without prior restraint in the elevated plus-maze, there was a significant interaction between genotype and restraint stress for percent open arm entries (F 1,36 = 4.82, P < 0.5). There was a borderline significant genotype × stress interaction in percent open arm time (F 1,36 = 4.08, P = 0.0508). Post hoc analysis showed that TIP39-KO spent significantly less time in the open arms (Fig. 6a) and made significantly fewer open arm entries (Fig. 6b) when compared with WT following restraint but not under non-stress conditions. There was not a significant effect of restraint on open arm entries of WT. The genotypes did not significantly differ in closed (Fig. 6c) or total (data not shown) arm entries.
In a separate experiment, there was a significant interaction between genotype and illumination level for percent open arm entries (F 1,29 = 5.48, P < 0.01) and open arm time (F 1,29 = 6.67, P < 0.05). Post hoc analysis showed that TIP39-KO spent significantly less time in the open arms (Fig. 6d ) and made significantly fewer open arm entries (Fig. 6e ) when compared with WT under high, but not low, illumination. WT behavior was not significantly affected by illumination condition. The genotypes did not significantly differ in closed (Fig. 6f) or total (data not shown) arm entries.
Stress-induced serum glucocorticoid levels
There was no significant difference between the genotypes in basal serum corticosterone level (WT = 87.9 ± 20.4 ng/ml, KO = 83.2 ± 13.4, n = 8, P > 0.05) or following 30 min restraint stress (WT = 439.4 ± 17.3 ng/ml, KO = 437.4 ± 13.0, n = 8, P > 0.05).
Pavlovian fear conditioning
In the fear condition experiment, there was a significant interaction between genotype and trial for freezing during training (F 2,45 = 2.69, P < 0.05). Post hoc analysis showed that TIP39-KO froze significantly more than WT to the second but not first or third tone presentation (Fig. 7a) . Freezing in TIP39-KO was also significantly higher than in WT during tone recall (t = 3.99, df = 33, P < 0.01; Fig. 7b ) (but not during the pretone baseline period) and during context recall (t = 5.97, df = 33, P < 0.01; Fig. 7c ).
Pavlovian fear extinction
The difference during training was replicated in an separate experiment set up to evaluate extinction [ Fig. 7d , left panel; (F 2,45 = 3.40, P < 0.05) with significance again because of higher freezing in TIP39-KO than WT in the second but not first or third tone presentation]. During fear recall and extinction training, TIP39-KO showed higher initial freezing than WT to tone presentation but extinguished to WT levels with repeated tone presentations (effect of genotype: F 1,15 = 8.49, P = 0.01; effect of trial block: F 9,15 = 9.37, P < 0.01; genotype × trial interaction: F 1,9 = 1.22, P = 0.17; Fig. 7d center panel) . During extinction recall, freezing did not differ between genotypes, and all mice showed a significant reduction in freezing with repeated tone presentations (effect of genotype: F 1,15 = 0.23, P = 0.64; effect of trial-block: F 4,15 = 12.24, P < 0.01; genotype × trial interaction: F 1,4 = 0.73, P = 0.79; Fig.   7d right panel) .
Evaluation of nociception
TIP39-KO did not differ from WT in behavioral responses to shock at any intensity tested, which ranged from 0.07 to 1.2 mA (Fig. 7e) . Genotypes also showed no significant differences in nociception, as assayed by either mechanical stimulation with von Frey fibers, or withdrawal latency to a thermal stimulus in the tail-flick, hotplate, or plantar withdrawal (Hargreaves) tests (Table 3) .
Discussion
Initial characterization showed that male TIP39-KO developed normally and were not different from WT on a battery of tests that included evaluation of home cage activity, motor coordination, sensory functions and general health. (Note -female mice were not investigated in this study because of the potential confounds introduced by varying levels of ovarian hormones during the estrus cycle and the failure of ovarian development in female TIP39-KO.) Under standard test conditions, exploratory and anxiety-related behaviors in the hole-board, novel open field, elevated plus-maze and dark-light emergence tests were also largely similar between TIP39-KO and WT. Exceptions included increased risk-assessment (elevated plus-maze) behaviors and defecation (dark-light emergence) observed in TIP39-KO, which provided the suggestion of a modest increase in anxiety-like behavior.
A robust increase in anxiety-like behavior was seen in TIP39-KO in the shock-probe burying test. In this test, TIP39-KO showed more defensive burying following contact with the shock probe. This phenotype was not explained by increased sensitivity to pain because the genotypes did not differ in responsivity to footshock or in several assays of nociception. Therefore, the manifestation of a clear anxiety-like phenotype in the TIP39-KO in the shock-probe burying test can be argued to be because of an inherently greater anxietyprovoking nature of this task than the exploration-based assays in which TIP39-KO were largely normal. This hypothesis was supported by the results of two experiments in which mice were tested on the elevated plus-maze under conditions designed to amplify the anxiety-provoking nature of the test -high illumination and prior restraint. Both these putative 'stressors' uncovered a significant increase in anxiety-like behavior in TIP39-KO. This was unrelated to changes in control measures of locomotor activity, demonstrating the anxioselectivity of the phenotype. Of note, while these stressors were adequate to reveal an anxiety-like phenotype in KO, they did not increase the anxiety-like behavior measured in WT. Although this was our a priori intent, it may seem surprising in light of previous evidence that similar manipulations heighten anxiety-like responses in rats (Bignante et al. 2008; Calvo et al. 1998; Garcia et al. 2005; Heinrichs et al. 1994; Hogg 1996; Martijena et al. 1997; Mechiel Korte & De Boer 2003) . However, this could reflect a genuine species difference because we chose a 30-min restraint protocol based on literature, suggesting that either a longer period of restraint or repeated restraint is needed to induce significant anxiety-like responses in mice (Bignante et al. 2008 , Chotiwat & Harris 2006 Dunn & Swiergiel 1999; Hata et al. 2001; Hsu et al. 2007; Schaefer et al. 2000) . Furthermore, while high illumination levels are generally thought to increase elevated plus-maze anxiety-like responses in rats (Griebel et al. 1993; Hogg 1996) , some investigators observe a threshold effect at relatively low illumination level (Garcia et al. 2005) , and effects on mice are less well documented. A final consideration is that both the non-stressed TIP39-KO and WT showed relatively less anxiety-like behavior than in our initial experiments conducted under similar non-stressed conditions. This is likely because of the use of a different apparatus and test room, which we have subsequently found to produce less anxiety-like behavior regardless of mouse strain.
The abnormal anxiety-like phenotype of TIP39-KO extended to enhanced conditioned fear responses. The mutants exhibited increased freezing to a tone paired with shock during training and subsequently showed more freezing when re-exposed to either the tone or the conditioned context, indicating enhanced acquisition and/or enhanced expression of fear. This phenotype was replicated across two separate experiments. In contrast, fear extinction learning and recall were unaffected by loss of TIP39. The analysis of nociceptive responses we performed produced no indication that abnormal pain processing could account for genotype differences in conditioned fear. This is an important point to emphasize, given the presence of the PTH2-R in the dorsal horn of the spinal cord and primary afferent neurons (Dobolyi et al. 2003a and previous observations that percutaneously or intrathecally delivered TIP39 has pro-nociceptive effects (Dobolyi et al. 2002) .
Collectively, our data point to a specific increase in fear, and stress-related anxiety-like, behavior following loss of TIP39. This finding suggests that TIP39 normally acts to negatively modulate these behaviors. The distribution of TIP39 in the mouse brain is entirely consistent with this role. There is a high density and quite restricted distribution of TIP39-positive fibers and PTH2 receptors in regions known to mediate fear and anxiety, including parts of the amygdala, bed nucleus of the stria terminalis and lateral septum (Dobolyi et al. 2003b; Faber et al. 2007) . In turn, the areas containing TIP39-positive neurons in the subparafascicular area receive inputs from these regions, suggesting a reciprocal circuit (Dobolyi et al. 2003b; Wang et al. 2006) . Other neuropeptide systems, including CRH, neuropeptide Y, arginine vasopressin and galanin have been shown to affect rodent anxiety-like behaviors (Belzung et al. 2006; Griebel 1999; Karlsson & Holmes 2006 ).
In general, however, the neurons synthesizing these peptides are more widely distributed than TIP39 neurons, and based on the available data, these peptides also have more varied actions. These observations suggest that TIP39 might play a relatively selective modulatory role in the brain with prominent effects on fear and anxiety.
That said, we cannot exclude the possibility that developmental compensations outside these neural circuits or in the periphery contribute to the phenotypic abnormalities currently seen in mice constitutively lacking TIP39. However, we did not detect a difference in testosterone level (Usdin et al. 2008) , suggesting that gonadal hormone effects are unlikely to contribute to the behavioral differences. Moreover, although the distribution of TIP39 and the PTH2-R suggests potential effects on cardiovascular function, TIP39-KO showed normal baseline cardiac function. Finally, the projection pattern of TIP39 neurons, together with a pharmacological study in which TIP39 addition to hypothalamic cultures and injection into rat-brain-stimulated CRH and ACTH release (Ward et al. 2001) , suggest that TIP39 affects the function of hypothalamic CRH neurons. However, we found that neither basal nor restraint-stress evoked corticosterone or ACTH (not shown) was affected by loss of TIP39. Thus, while it seems probable based on distribution that TIP39 influences hypothalamic and CRH function, this did not appear to be sufficiently robust to produce measurable differences under these conditions, and thus, it seems unlikely that hypothalamo-pituitaryadrenal axis abnormalities caused the observed stress-related behavioral differences in TIP39-KO. Nonetheless, generation of conditional TIP39-KO that circumvent developmental and peripheral issues may be ultimately required to fully elucidate the physiological role of TIP39.
In conclusion, this study has shown that TIP39, a neuropeptide localized in neural circuits subserving emotional processing, plays an important role in the modulation of fear-and anxiety-like behaviors, as demonstrated in a mouse with TIP39 deletion. The anxiety-like phenotype of TIP39-KO, which is selectively manifested under relatively strong provocation, provides a compelling example of the preferential recruitment of neuropeptides as modulators of anxiety under conditions of stress or pathology (Hokfelt et al. 2003; Holmes et al. 2003) . While further investigation of its behavioral and physiological functions is required, current data suggest the possibility that the TIP39/PTH2-R system could contribute to the pathophysiology of anxiety disorders and be a novel therapeutic target for these and other stress-related neuropsychiatric diseases. were not different between genotypes (WT, n = 8; KO, n = 10). Shock sensitivity did not differ significantly between genotypes at any intensity measured (e) (n = 8/genotype). WT, open bars or squares; KO, solid bars or squares. Data are mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. Table 2 TIP39-KO showed no physical, neurological or gross behavioral abnormalities as assessed in a functional observation battery Rotarod latency (seconds) 77.5 ± 7.9 97.4 ± 11.9
Fecal Boluses (n = 10/genotype) Light-dark emergence (n) 0.8 ± 0.4 2.8 ± 0.5 * Hole board (n = 16/genotype) Head-dips 64.1 ± 6.7 64.5 ± 7.1
Data are mean ± SEM or percent where indicated.
* P < 0.05.
